Primary brain tumors are the fourth leading cause of cancer mortality in adults under the age of 54 years and the leading cause of cancer mortality in children in the United States. Therapy for the most common type of primary brain tumors, gliomas, remains suboptimal. The development of new and more effective treatments will likely require a better understanding of the biology of these tumors. Here, we show that use of the high-density 100K single-nucleotide polymorphism arrays in a large number of primary tumor samples allows for a much higher resolution survey of the glioma genome than has been previously reported in any tumor type. We not only confirmed alterations in genomic areas previously reported to be affected in gliomas, but we also refined the location of those sites and uncovered multiple, previously unknown regions that are affected by copy number alterations (amplifications, homozygous and heterozygous deletions) as well as allelic imbalances (loss of heterozygosity/gene conversions). The wealth of genomic data produced may allow for the development of a more rational molecular classification of gliomas and serve as an important starting point in the search for new molecular therapeutic targets.
Introduction
A major problem in the quest for better therapeutics for patients with gliomas has been the relative poor understanding of glioma biology. Most of the genomic alterations described in gliomas (1, 2) , with the notable exception of PTEN (3), are alterations also described in the more common epithelial tumors [epidermal growth factor receptor (EGFR), CDKN2A, TP53, and RB1]. Targeted therapies (e.g., erlotinib) directed to ubiquitously expressed targets, such as the EGFR, have met with limited success and significant toxicity (4, 5) , demonstrating the need for the identification of glioma-specific genomic alterations.
Prior efforts to perform a global genomic survey of gliomas have generally used standard comparative genomic hybridization (CGH) techniques (6) (7) (8) (9) . Although useful for identifying large areas of genomic alterations, the relatively low resolution of standard CGH precludes the identification of small areas of alteration. Furthermore, it has been difficult to understand the overall significance of the findings from prior genomic surveys secondary to the relatively low number of tumor samples analyzed in these studies (8, 9) . Thus, we currently have only a very general picture of the gross genomic alterations found in a small number of gliomas.
To address the problem of relatively small sample numbers in prior attempts at genetically characterizing gliomas, we have created a National Cancer Institute-funded national, multiinstitutional project aimed at collecting and molecularly characterizing (at both RNA, DNA, and protein level) a large number of gliomas with corollary clinical data, which we call the Glioma Molecular Diagnostic Initiative. As part of the first phase of Glioma Molecular Diagnostic Initiative, we have analyzed 178 tumors for genomic alterations using Affymetrix 100K single-nucleotide polymorphism (SNP) arrays (10) . This array relies on the detection of the alleles present in a certain sample by hybridization of enzyme-modified, PCR-amplified genomic DNA to 40 probes specific for a single SNP. By combining the results of the two chips included in the assay (one each for HindIII-and XbaIrestricted DNA), an unprecedented resolution of 25 kb can be achieved. Although these types of arrays have been primarily used in familial pedigree genotyping studies, we believe that, by using both allelic calls and signal intensity, they can be successfully used for genomic survey studies in nonfamilial diseases such as cancer.
Materials and Methods
Samples. Two hundred and forty gliomas from the Hermelin Brain Tumor Center, Departments Neurology and Neurosurgery at the Henry Ford Hospital, were analyzed in this study. The samples were provided as snapfrozen sections of areas immediately adjacent to the region used for the histopathologic diagnosis. The tumor diagnosis was kept unknown to the investigators until analysis of data was complete to avoid bias. Several tumor samples were excluded from the final analyses secondary to inconclusive pathology, reducing the total number of valid cases to 178 tumor samples (356 chips). This set included 82 glioblastomas, 33 astrocytomas, 52 oligodendrogliomas, and 11 oligoastrocytomas (mixed) tumors. Twenty-nine nontumor samples (temporal lobe resection of epileptic patients) were analyzed concurrently to provide a baseline on the accuracy of the methodology.
DNA extraction and hybridization. Approximately 50 Ag tissue (as recommended by the manufacturer) from each tumor were used to extract high molecular weight, genomic DNA using QIamp micro DNA extraction kit (Qiagen, Valencia, CA) following the instructions of the manufacturer. The quality of DNA was checked by electrophoresis run in a 1% agarose gel. Two hundred and fifty nanograms DNA were processed for hybridization on the Genechip Human Mapping 100K (10) arrays (Affymetrix, Inc., Santa Clara, CA), which covers 116,204 single-nucleotide polymorphism (SNP) loci in the human genome with a mean intermarker distance of 23.6 kb. The processing was done according to recommendations of the manufacturer.
After hybridization, the chips were processed using fluidics station 450, high-resolution microarray scanner 3000, and GCOS workstation version 1.2. SNP calls were determined by GDAS version 3.0 (11) with 25% level of confidence. Only samples with call rates >90% were accepted for the analysis.
RNA extraction and hybridization. Approximately 50 to 80 mg of tissue from each tumor were used to total RNA using the Trizol reagent (Invitrogen, Carlsbad, CA), following the instructions of the manufacturer. The quality of RNA obtained was verified with the Bioanalyzer System (Agilent Technologies, Palo Alto, CA; ref. 12) using the RNA Pico Chips. Six micrograms of RNA were processed for hybridization on the Genechip Human Genome U133 Plus 2.0 Expression arrays (Affymetrix; ref. 13) , which contains over 54,000 probe sets analyzing the expression level of over 47,000 transcripts and variants, including 38,500 well-characterized human genes. The processing was done according to recommendations of the manufacturer. After hybridization, the chips were processed using fluidics station 450, high-resolution microarray scanner 3000, and GCOS workstation version 1.3. Expression levels were determined by GCOS version 1.3, which uses the MAS5 algorithm. Expression values were scaled to a mean of 500, and only samples with a scaling factor <5, present call rates >35%, and a glyceraldehyde-3-phosphate dehydrogenase 3 ¶/5 ¶ ratio <3, were accepted for the analysis (14) .
Loss of heterozygosity analysis. Loss of heterozygosity (LOH) scores for each SNP were calculated based on probability of LOH algorithm implemented in Affymetrix Chromosome Copy Number Tool (CCNT; ref. 15 ). The algorithm uses probabilities for each SNP to be homozygous derived from a reference set of 145 normal individuals. Those values are then multiplied for a stretch of homozygous SNPs giving the probability of such a stretch to happen randomly. LOH scores are Àlog 10 of the result. LOH scores were calculated in Matlab 7R14 and the algorithm were slightly modified to eliminate an innate error dealing incorrectly with ''no calls.'' For this analysis, we decreased the level of confidence for SNP calls to 0.1 to improve the scoring, by removal of less stringent heterozygous calls. 4 LOH areas with a score larger or equal to 10 were considered for further analysis.
Copy number determination. To analyze the copy number changes, CCNT (Affymetrix) was used to produce a ratio between tumor samples and a normal reference set, corrected to a baseline of 2. This output was then smoothed using Hidden Markov Model algorithms in R (16, 17) . This further step allowed for a clearer resolution of DNA deletions and amplifications in a high-throughput analysis, so that it could be determined which losses result from heterozygous versus homozygous deletions. Expression/copy number correlation analysis. To correlate RNA expression with DNA copy number, each HG-U133_Plus_2 probe set was mapped against all the SNPs located in a window of 1 Mbp around the center of that probe set. The average copy number for those SNPs was calculated from the original CNAT copy numbers, and correlation coefficients and significance (P) between that average and the mRNA expression value for the associated probe set were calculated using Matlab. Positions of both expression and SNP probe sets were obtained from the NetAffx annotation website. 5 EGFR immunohistochemistry. Protein expression levels for EGFR were determined by immunohistochemical staining of a tissue microarray containing all the samples used in the study. The staining was done as previously described (18) . Briefly, tissue microarray sections were deparaffinized and rehydrated in PBS. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in PBS/0.05% Tween 20 for 20 minutes. Sections were then washed in PBS and blocked for 20 minutes in goat serum diluted to 10% in PBS. Pretreatment consisted of 0.025% trypsin placed on the tissue followed by a 30-minute incubation at room temperature. The EGFR mouse monoclonal (clone 528, Oncogene Science, Cambridge, MA) antibody was diluted 1:50 in PBS/10% serum, and applied to the sections in a humid chamber overnight at 4jC. After washing twice to thrice in PBS, secondary antibodies were applied using the DAKO (Carpinteria, CA) Envision kit according to the instructions from the manufacturer. Detection of bound secondary antibody was done with diaminobenzidine under microscope until optimal staining. Sections were then counterstained with light hematoxylin and mounted.
Results
Validation of the technology. We first set out to validate our methodology given that the Affymetrix 100K SNP chip is a new and unproven technology for genomic surveying. As a first step in this validation process, we tried to determine if the pool of normal samples provided with Affymetrix CCNT (15) was providing a stable baseline for our calculations. To this end, we hybridized a set of 29 nontumor brain tissue samples to the arrays and analyzed their genomic integrity by means of the aforementioned algorithm. With some recently reported exceptions (19) , it is widely accepted that most of the genome of a ''normal'' sample should be diploid. Our analysis of the copy numbers for every SNP in the nontumor set showed that this assumption was correct in most cases; however, some discreet SNPs (f30 single and grouped) were consistently showing alterations in our nontumor controls at the same high levels as the tumor samples, suggesting either a hybridization specificity problem or a tissue-specific amplification event. In any case, we decided to exclude these aberrant SNPs from our analysis of the tumor samples because the copy number alterations (CNA) detected were also represented in the nontumor controls, suggesting that they were not relevant to the tumor biology, thus avoiding the possibility of reporting false positives.
Although the CNA we found were specific for the tumor samples and were not seen in the nontumor tissues, we decided to perform a second level of validation of the results by determining whether the SNP-derived alterations could be detected by established and accepted methodologies. To this end, real-time PCR copy number analysis (20) was done using the genomic DNA from a number of samples in three separate regions (EGFR, CDKN2A, and KIF21B). The results obtained (Supplementary Table S1 ) show consistency between the two techniques, with the SNP analysis and the realtime PCR techniques revealing nearly identical copy number levels.
Although the results from the real-time PCR and the SNP arrays we examined were consistent, it was not possible to perform this type of analysis for every area where alterations were detected. Thus, to further validate the results obtained by 5 http://www.affymetrix.com/analysis/index.affx. our SNP analyses, we analyzed the correlation found between the SNP-derived CNAs and mRNA expression levels for probe sets located in the vicinity of the altered SNPs. Overall, we found a significantly high degree of correlation between genomic alterations and mRNA expression of the neighboring genes (Fig. 1) . In addition to validating the findings from the SNP analysis, the correlation between CNA and mRNA expression of neighboring genes suggests the possibility of genomic changes with biological significance.
In addition to validating our SNP analysis-derived CNA through comparisons with findings published in the literature, real-time PCR data, and microarray gene expression data, we also evaluated the correlation between the level of tumor tissue protein expression of EGFR and the corresponding CNA of the EGFR gene. For this analysis, we created a tissue microarray consisting of all of the gliomas used in this study and stained for the EGFR receptor as previously described (18) . All 38 tumors showing genomic amplification in the EGFR region in our SNP analysis also showed strong immunostaining of the EGFR protein in the tissue array, further substantiating the validity of the CNA assessment. A number of samples also showed EGFR staining without genomic alterations, consistent with previous reports indicating that EGFR overexpression can be produced by transcriptional control.
Representative images of the immunohistochemical staining are shown in Supplementary Fig. S2 .
Data smoothing and preparation. Despite removal of the aforementioned aberrant SNPs, we found the output from CCNT is fraught with high background noise. To identify the regions of CNAs more clearly, we decided to smooth the data using a common tool in CGH analysis, namely the Hidden Markov Model algorithms (16, 21) . As shown in Supplementary Fig. S1 , this process is necessary for optimal data interpretation. Without the smoothing process, small deletions like the ones shown in Supplementary Fig. S1B would likely be dismissed in view of the high level of background noise. Furthermore, although larger deletions or amplifications ( Supplementary Fig. S1A and C) can be detected with the original CCNT output, our ability to determine the region boundaries was greatly improved after Hidden Markov Model processing.
Although the smoothing process greatly reduces the innate noise level of the technology, the high resolution of the arrays still produces such a large number of CNA/LOH hits that minor changes may obscure more relevant findings (Figs. 2-4) . In fact, in the case of heterozygous deletions and LOH analysis, this phenomenon reaches a level such that the alterations are seen as almost a continuum across the genome. Thus, we used thresholding as a way to remove this background layer of noise to reveal the relevant genomic alterations. We chose to use a 10% threshold (a common cutoff used for LOH analysis) of the samples (both as a whole and segregated by tumor histologic subtype) as our minimal threshold for identification of an alteration.
Detection of copy number alterations. As shown in Fig. 2 , the 100K SNP arrays proved useful in detecting both homozygous (B, threshold at copy number <À1.3) and heterozygous (A, copy number <À0.7) deletions in the 178 gliomas assayed. Homozygous and heterozygous deletions of CDKN2A were found in 21% and 34% of glioblastoma samples, respectively. These rates are consistent with those reported in the literature using standard genetic approaches (i.e., PCR, Southern analysis; refs. 22, 23), thereby adding validity to both our technique and the data we derived from our sample set. Other regions of deletion commonly described in the literature using standard genomic methodology, including loss of 10q23.2 in glioblastoma (24-26) and loss of 1p and/or 19q (9, 20, 27) in oligodendrogliomas were also detected in our analyses at rates consistent with those previously reported. A sample of the genes located in the affected areas can be found in Table 1 ; a complete list of other regions we discovered to be deleted by CNA analysis can be found in Supplementary Tables S2 and S3 . Figure 2C shows the distribution of amplification events for all the samples assayed segregated by histopathology. For this analysis, we required that the SNP be amplified by five or more copies for the amplification to be considered significantly above background noise. The transition from a continuous spectrum of CNA to one of discrete areas of amplification is shown in Fig. 3 . This adjustment was necessary to avoid the formation of a quasicontinuum of alterations that would have obscured the regions of clear relevance.
As in the case of deletions, we found areas of amplification in our data sets that have been previously reported, further supporting the validity of our methodology. Most notable among these is the 7p11.2 amplicon (EGFR) that we found altered in 43% glioblastoma multiforme (GBM) and 15% astrocytomas, rates consistent with those in the literature (26, 28, 29) . The reminder of the regions found amplified (Supplementary Table S4) are novel, and, therefore, cannot be compared with results in the literature. Of note is the observation that a number of genes found within the deleted/amplified regions seem to have the potential for being candidate oncogenes and/or have been implicated in the biology of other cancer types (e.g., protein phosphatase and protein tyrosine phosphatase superfamilies; Table 1; Supplementary Tables S2-S4) . A sampling of the regions found amplified can be seen in Table 1 , with a complete listing in Supplementary  Table S4 .
Loss of heterozygosity analysis. LOH analysis of the sample gliomas ( Fig. 4 ; Supplementary Table S5) yielded a pattern similar to the one obtained by CNA although each analysis uses independent data types gathered from the arrays (signal intensity in the case of CNA, and allelic calls in the case of LOH). The similar findings using two different data types further show the robustness of the methodology and our data analysis. Figure 5 shows an example of several discrete areas where LOH is found without a corresponding deletion, pointing to a recombination event leading to allelic imbalance (gene conversion events).
Discussion
In the present study, we showed that the use of Affymetrix 100K SNP chip allows one to scan the genome of a large number of samples at an unprecedented 25 kb average resolution. Several novel regions of copy number alterations and allelic imbalance were detected by the use of this methodology in 179 glioma samples.
There are, however, some limitations that need to be taken into account when using these arrays and data derived from the analysis. First, a series of tissue-matched ''normal'' samples need to be run in parallel with the disease subjects to make sure that the copy numbers obtained by the CCNT tool are correct. This is necessary because, as our analysis of the copy numbers for every SNP in the normal set shows, some discreet SNPs (f30 single and grouped) were consistently showing alterations at high levels in our nontumor controls. Although it has been recently recognized that a ''normal'' genotype can contain local regions of amplification/deletions (19) , it is accepted that most of the genome of a normal sample should be diploid. Because the normal baseline for copy number determination by CCNT is a set of DNA from the Coriell panels (30), derived from peripheral blood lymphocytes, it is possible that these aberrant SNPs represent either a brainspecific alteration or, more likely, a SNP with unspecific hybridization characteristics. We are at present conducting additional experiments to elucidate which of these two explanations is correct. In any case, these aberrant SNPs need to be excluded from the analysis of the tumor samples to avoid the possibility of reporting false positives. In this regard, our experience suggests the necessity for having a set of normal controls, matched to the tissue type of interest, for determining a reliable SNP set for subsequent analyses.
The second limitation to this technique is shown in Supplementary Table S1 where the copy numbers obtained with the chips do not always match (numerically) to what is obtained using quantitative real-time PCR of the same SNPs. This is not surprising, because high-throughput assays are not designed to be quantitative but rather to give a wealth of qualitative information on a large number of probes. This last point introduces the third limitation to these assays, being that a large number of samples need to be assayed to make sure that the data being generated is correct. The lack of quantization in the microarray analyses makes conclusions derived from a limited number of samples suspect, and thus requires validation from an alternative method. By contrast, large sample numbers can overcome these statistical limitations such that if a relatively large number of tumors display the newly discovered areas of alteration, it is highly likely that these regions are relevant to the disease in question.
This last point is made even stronger if the results obtained from the SNP analysis can be correlated with RNA expression analysis via a microarray assay. Although this additional genomic method also is nonquantitative, the combination of these two methods in a large sample set greatly increases the probability of elucidating ). A sampling of the results obtained by such analysis is shown in Fig. 1, where A, B , and C show the distribution obtained for a homozygous deletion, a heterozygous deletion and one amplification, respectively. Clearly, higher copy numbers correlate with larger mRNA expression, whereas lower copy numbers display a lower level of mRNA. In the case of EGFR, some samples show a higher expression level without having an amplified gene, this being consistent with literature (31-33), because not all overexpression events are a result of genomic amplification. Similarly, in the case of CDKN2A, all the samples with low copy numbers show low expression, whereas some samples with normal copy numbers show low expression likely due to epigenetic-mediated down-regulation of the genes in this locus, as has been previously well described.
Interestingly, we found a gene on chromosome X that segregates in an almost perfect binary fashion according to gender (Fig. 4D ). This gene, X inactivation-specific transcript (XIST; ref. 34) , is known to have a principal role in the inactivation of the second X chromosome in females and formation of the Barr bodies. Thus, XIST expression levels should be high in females (X copy number 2) and low in males (X copy number 1), a finding clearly confirmed by our analysis and thereby further supporting the reliability of the technology.
To further validate the results obtained by the SNP arrays, we assayed a tissue microarray, containing all the samples used in this study, for total EGFR protein. The results obtained are concordant with what would be predicted from the CNA analysis (i.e., 100% of samples with predicted amplifications show very strong stain for the protein), indicating that the genomic alteration translates into a biological effect as previously reported (31) (32) (33) . Consistent with the literature, we also found that some nonamplified samples showed strong staining, indicating possible translational regulation of the protein. In fact, all these samples showed higher mRNA levels for the EGFR transcripts than the tumors not demonstrating strong EGFR immunostaining (data not shown), supporting this explanation.
Our rationale for using thresholding in determining the areas of alteration comes from the need to use large numbers of samples in these analyses. If all the changes being observed were given equal value irrespective of the frequency at which they appear, the result would be very broad areas of CNAs/LOH due in part to the stochastic nature of the process producing them as well as the inherent noise in the microarray methodology. The transition from a continuous spectrum to one of discrete areas of amplification is shown in Fig. 3 . This adjustment was necessary to avoid the formation of a quasi-continuum of alterations that would have obscured the regions of clear relevance. Interestingly, the results we observed with our thresholding is consistent with comments made by the original authors of the CCNT methodology who suggested that the algorithm performs better at amplifications larger than five copies (15) .
Beyond the genomic surveying of specific diseased tissues, this technique could be used to elucidate the answers to certain basic genetic questions dealing with mechanisms of genomic alterations.
As an example, all the areas we identified as homozygous deletions were also found as heterozygous deletions in a larger percentage of tumors, consistent with the notion that homozygous deletions start as heterozygous events. Another advantage of the 100K array analysis is that it allows one to highlight areas of the genome where gene conversion events have occurred as shown in Fig. 5A . To our knowledge, this is the only high-throughput technique that allows such determinations.
The potentially significant genomic alterations observed in our glioma samples will need to be further characterized by both in vitro and in vivo techniques to ascertain their biological relevance. Nevertheless, it is encouraging to see that the methodology we have used successfully identified all of the commonly established genomic alterations in gliomas described to date and at frequencies similar to those reported in the literature using standard genetic approaches (i.e., PCR, Southern blot analysis; refs. 22, 23). For example, homozygous and heterozygous deletions of CDKN2A were found in 21% and 34% of glioblastoma samples, respectively, whereas the 7p11.2 amplicon (EGFR) was found altered in 43% of GBMs and 15% of astrocytomas. The similarity of these data to those established in the literature adds validity to both our technique and the data we derived from our sample set. Additionally, the similarity in the pattern of genomic alterations, as determined by LOH or CNA analyses, shows the robustness of our analyses methodology in view of the different data elements used for each analysis and the fact that LOH is calculated as an indirect statistical quantity (due to our lack of germ line DNA to perform a direct comparison).
Beyond the discovery of novel genomic alterations that could lead to new targets for therapy, this genomic survey technique may also allow for a more rational, biology-based classification of gliomas. It is clear from the examination of Figs. 2 to 4 that the different WHOrecognized histopathologic subtypes have substantially different patterns of genomic alterations (oligodendrogliomas are the majority of tumors showing 1p/19, EGFR amplification are most common in GBMs, etc.). There are, however, some elements that seem common to the majority of the tumors (such as the amplifications at 1p36, 4q16, and 7q22) that may point to primary changes essential in the molecular pathogenesis of all glioma subtypes.
Relative to the potential use of SNP-based genomic surveys for tumor subtype classification, it is of interest that a class of tumors whose exact classification has been clinically troublesome for years (oligoastrocytomas or mixed gliomas) do not seem to conform to a single group but instead can be subdivided into two distinct entities: one being very similar genotypically to GBMs (chromosomes 7, 19, and 20 amplification; chromosomes 10 and 9 deletions), whereas the other group contain many alterations typical of oligodendrogliomas (1p/19q deletions). This can be seen in Figs. 2 to 4 (and in more detail in Fig. 5B ), where some of the typical genomic alterations for GBMs and oligodendrogliomas are recapitulated in one of the two subgroups of mixed gliomas. Although this observation is intriguing, data from a significantly larger number of mixed gliomas will be required before we can conclude with any certainly that mixed gliomas are in fact two different tumor types rather than one.
In summary, the use of high-resolution techniques has allowed us to identify a wealth of new genomic abnormalities in gliomas, confirm the existence of previously reported ones, and obtain a preliminary picture of a system for the creation of a biologically based classification of such tumors. Further investigation will be required to confirm whether the areas of genomic alteration identified in this analysis encode genes responsible for the pathogenesis of gliomas and/or offer potentially new targets for therapeutic intervention.
